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of optical cavities separated by a dielectric reflector stacks to
achieve either a very narrow passband region or sharp
fransition between the passband and reflective region 1is
substantially free of stress to preserve the desired optical
performance upon fabrication mto miniature discrete filter
clements. The substantial stress reduction is achieved by
removing the filter from the substrate used in the deposition
process 1n a controlled manner to preserve the structural
integrity of the resulting free standing multilayer film struc-
ture. The structure can be further bonded or attached to other
optical components to suppress a thermal shift in center
wavelength without reintroducing stress or interposing a
massive substrate 1n the optical path through the filter.

9 Claims, 6 Drawing Sheets
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STRESS FREE AND THERMALLY
STABILIZED DIELECTRIC FIBER

CROSS-REFERENCE TO RELATED
APPLICATTONS

The present application claims priority to provisional
patent application having Ser. No. 60/291,986, filed on May
21, 2001 and entitled, “Ultra-Low Stress/Free Standing
WDM Type Filters”, which 1s incorporated herein by refer-
ence.

BACKGROUND OF INVENTION

The field of the mmvention 1s multilayer optical interfer-
ence lilters and devices comprising the same, particularly as
useful 1 optical communication networks.

The use of multilayer optical interference f{ilters has
become ubiquitous 1n optical communication systems using,
wavelength division multiplexing (WDM). Such filters are
the currently preferred method of separating or combining
optical signal channels assigned to different wavelengths,
according to the ITU grid, but propagating in common
waveguldes due to the minimum of insertion losses.
However, the need to increase the number of signal channels
that can be utilized within an existing optical fiber structure
requires a decrease 1n wavelength spacing between adjacent
channels. At the same time 1t 1s desirable to decrease the
physical dimensions of active and passive components, such
as filters within the switching fabric, as well as to decrease
the component cost by integration of filters with other
components. Accordingly, the performance requirements of
optical interference filters have become more demanding.
While the optical performance requirements can be met by
increasing the number of layers, the physical properties of
such thicker filters present significant challenges to reduc-
tions of the physical dimensions and integration with other
optical components.

Another requirement of such filters i1s that the optical
performance, that i1s the transmission characteristics as a
function of wavelength, should not change over a large
range of ambient temperatures. The thermal stability is
characterized by the shift of the position of the maximum
transmission region, or central wavelength position, and 1s
less than 2 picometer (pm)/° C. over the temperature range
from 0° C. to 70° C.; preferably with a center wavelength

(CWL) shift of less than about 0.5 pm/® C. over the above
temperature range.

The deposition of optical thin film materials onto a
substrate to form an optical mterference filter inevitably
results 1n a net residual stress state 1n the multilayer struc-
ture. The residual stress may be 1ntrinsic, that 1s an 1nherent
property of materials as deposited 1 the form of a thin film.

Another source of residual stress 1s referred to as
extrinsic, and results from the difference 1n thermal expan-
sion coellicient between the substrate and thin film materi-
als. The iherent properties of useful optical materials as
deposited 1n multilayer thin films inevitably results 1n a
residual stress state. As additional layers are added to
increase the optical performance of the films, the net residual
stress effect 1s increased flexure of the film and substrate, as
the bending moment 1s the product of the thickness and
stress. The residual stress presents limitations on the sub-
strate that can be used. The substrate must be sufficiently
thick to avoid its flexural deformation by the residual stress
in the thin film layers.

Simply increasing the substrate thickness to minimize the
peripheral deformation i1s unacceptable for a number of
reasons;
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The use of thicker substrates hinders reliable and efficient
fabrication 1nto smaller devices as well as the ability to
integrate the filters with other active or passive opftical
components. Depending on the substrate optical properties,
it also adds 1nsertion loss. Stress induced limitations include,
but are not limited to: bending of the filter resulting in
defocus effects, especially 1n the reflected, or express signal;
stress induced birefringence in the coating producing polar-
ization dispersion loss (PDL) and position sensitive CWL
variability.

Residual stress can also be a factor 1in device failure, and
may prove to be a limitation to further increases 1n the signal
power density, such as may be achieved through future
developments 1n laser transmitters.

The 1mportance of substrate selection in the thermal
stability of interference filters 1s known. The linear coefli-
cient of expansion of the substrate material may be chosen
to either shift or stabilize the center wavelength multilayer
dielectric bandpass filter with respect to a changing ambient
temperature, as demonstrated by H. Takahashi in Applied
Optics 34(4) pp. 667-675, 1995 (misspelled Takashashi in

the original publication).

Since circa 1995, numerous high thermal expansion glass
and glass/ceramic material formulations either have been
adapted from other applications or specifically developed for
commercial use as optical quality substrate materials. Rep-
resentative commercial products for different types of
glasses are:

1) “F77, and “DWDM-12" by Schott Glass Technologies.
i1) “WMS-017, “WMS-02” by Ohara Glass Company.

i11) “WMS-17, “WMS-12” and “WMS-13" from Ohara
Glass Company, among others.

The first four of these grades, groups 1) and ii), are true
glasses and owe their high coeflicient of linear expansion in
large part to their alloying composition, which includes a
large fraction of alkali oxides. These alkali constituents
unfortunately also degrade the environmental stability of the
glass. Such instability can have serious deleterious effects on
final device environmental performance.

The grades 1 group (i11), are representative of glass/
ceramic composite structure, “WMS-117, “WMS-12” and
“WMS-13" are three such glasses. By proper choice of
materials and processing conditions, substrates can be fab-
ricated with the requisite high expansion coefficient. Such
materials do not employ alkali constituents to attain their
high expansion properties to the degree, as do more con-
ventional glasses, and thus may be more environmentally
stable. These materials also have the advantage of being
ogenerally stiffer, thus allowing them to better support the
high stresses imposed by the thin film structures. However,
their mixed glass/ceramic nature reduces their overall
transmission, as the interfaces between the phases scatter
visual and infrared light. Simple coatings have been
removed from their substrate to form pigments with unique
optical properties. In U.S. Pat. No. 4,434,010 (Ash et al.)
removed a metal/dielectric filter from its carrier substrate,
formed it mnto small flakes and demonstrated its use as a
variable color reflective pigment material. Many other such
examples abound. However, Ash discloses that the optical
properties of the coatings are degraded, suggesting the
method 1s only applicable for low performance applications.

Likewise, in U.S. Pat. No. 4,826,553 (Armitage et al.)
invented a method for removing a mirror coating from its
substrate and re-applying 1t wholly intact onto a second
substrate 1n order to alter the dielectric mirror’s figure
(curvature). In a later publication, Schmidt, et al (Photonic
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Spectra, May 1995) stated that such a method is applicable
to lower performance telecommunication filters.

Solberg at al. 1n U.S. Pat. Nos. 5,944,964 and 5,930,046
teach a method of reducing stress by inducing crystallization
of a high refractive index material to balance the compres-
sive stress of silica. Two common high refractive index
oxide materials are titania (titanium oxide) and zirconia
(zirconium oxide). A common technique to densify and
stabilize titania and zirconia thin film layers involves a
post-deposition annealing process. Because the thin film
layers are constrained by the substrate, which does not
shrink the volume change from densification produces a
tensile stress within the film layers. Indeed, the integrated
tensile stress may exceed the integrated compressive stress
of silica resulting 1n multilayer thin film stacks having an
excessive net tensile stress also resulting 1n loss of mechani-
cal 1ntegrity or poor optical performance. In addition, the
crystallization that occurs during annealing may contribute
to increased optical scatter, which also degrades opftical
performance.

The process combination taught by Solberg minimizes
many of the detrimental effects of crystallization to exploit
it as a means for reducing net stress arising from the thin film
deposition conditions. Unfortunately, the method 1s inappli-
cable to band pass filters used in WDM filters as the
crystallization process 1nvariably introduces scatter and
stress birefringence, thus lowering transmission and increas-
ing PDL.

Another requirement of WDM filters 1s that the optical
performance, that i1s the transmission characteristics as a
function of wavelength, should be spatially uniform over the
region illuminated by the optical signal beam. Having dis-
covered that higher performance WDM filters exhibit a
strong spatial non-uniformity in transmission at the periph-
eral regions, this non-uniformity has heretofore proved a
limitation 1n the minmiaturization of filters for advanced
packaging applications. Although 1t might be highly desir-
able 1n some 1nstances to reduce the filter to not much larger
that an optical beam size of less than about 500 microns,
attempting to do so would otherwise degrades the device
performance. Unless the spatial non-uniformity at the edges
1s somehow corrected, the optical signal channels 1n the
beam will be moderated according to the average filter
performance over the area the beam illuminates.

Accordingly, there 1s a need for optical multilayer thin
film filters that have stable wavelength transmission char-
acteristics over a broad range of ambient temperatures,
having high transmission at the center wavelength, exhibait-
ing low scatter to minimize insertion loss as well as low
polarization dispersion loss (PDL)

There 1s a corresponding need for reducing the physical
dimensions of such optical interference filters such that they
can be integrated with other passive and active optical
compounds such as lenses, switches, lasers, modulators,
photodetectors and the like. Accordingly, another object of
the 1nvention was to discover and eliminate the source of this
non-uniformity in WDM filters. Having determined that the
spatial non-uniformity correlates with residual stress, yet
another object of the invention has been to preserve the
properties of such optical interference filters that make them
desirable for WDM applications, while substantially reduc-
ing the residual stress.

BRIEF SUMMARY OF THE INVENTION

Not wishing to be bound by theory, we have discovered
that very thick multiple layer optical interference filters have
a spatial non-uniformity in transmission that correlates with
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the high residual stress. This non-uniformity proved a limi-
tation 1n the miniaturization of filters for advanced packag-
ing applications, as 1t manifests itself at the peripheral
regions of the filters. Thus attempting to miniaturize such
filter to accommodate a small optical beam results in spatial
variations within the beam area.

In one embodiment of the 1nvention a freestanding optical
filter 1s formed by {first depositing a sequence of thin film
layers on a first substrate. Subsequent removal of the thin
film layers from this first substrate as a monolithic element
relieves the residual stress therein This embodiment proved
enabling for further miniaturization of the optical filter
components.

The release of the optical coating from its substrate
provided several benefits, as the substrate formerly had
introduced losses and/or aberrations of the light beam. While
such a free standing filter suffered from reduced thermal
stability, another aspect of the 1nvention 1s reattachment to
a second substrate so that such smaller filters would exhibait
both thermal and spatial uniformity of transmission and
reflection over a larger region of the device. The second
substrate and its method of attachment provide a means to
thermally stabilize the filter.

In yet another aspect of the mvention a subassembly 1n
which the optical path through the multilayer dielectric
interference filter 1s free of an intervening second substrate,
yet provides a center shift of less than 2 pm/® C. over the
temperature range from 0° C. to 70° C. In this embodiment
the second substrate 1s a frame or annulus having an opening
that defines an optical aperture. Thus, a portion of the
multilayer dielectric interference filter 1s unsupported over
this optical aperture. The frame 1s selected to provide the
thermal stabilization of the center wavelength position.

BRIEF DESCRIPTION OF THE DRAWINGS

These and other features, aspects, and advantages of the
present invention will become better understood with regard
to the following description, appended claims, and the
accompanying drawings where:

FIG. 1 1s a plot of the transmission of a “4-skip-0” type
bandpass filter as deposited on a 6 inch diameter substrate 10
mm thick.

FIG. 2 1s a plot of the transmission of a “4-skip-0” type
bandpass filter in FIG. 1 after the 6 inch diameter substrate
1s fabricated into smaller, 1.5 mm square substrate that 1s 1.4
mm thick.

FIG. 3 1s a plot of the transmission of a “4-skip-0” type
bandpass filter 1n FIG. 1 after the thin film layers are first
removed, forming a free standing optical filter, and then

reattached by optical contacting to a 1.5 mm square substrate
that 1s 1 mm thick.

FIG. 4 1s a schematic illustration of a section of the
substrate and associated release and protective layers, onto
which the multilayer bandpass filter 1s subsequently depos-
ited.

FIG. 5 1s a plot of the center wavelength position of the
bandpass versus temperature comparing an un-bonded free
standing filter with freestanding filter that 1s bonded to an
annular frame at its outer periphery. The un-bonded multi-
layer dielectric bandpass filter has center wavelength shift of
oreater than 9 pm/® C. while the peripherally bonded filter
center wavelength shifts less than 0.5 pm/® C.

FIG. 6 1s a schematic 1llustration of a freestanding filter
that 1s bonded to a frame at its outer periphery.

FIG. 7 1s a schematic 1llustration of a freestanding filter
that 1s laminated between two frames; each frame 1s adhe-
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sively bonded to opposing outer surface of the filter at the
periphery thereof.

FIG. 8 1s a perspective view of freestanding multilayer
dielectric filter that 1s bonded to an annular frame at 1ts outer
periphery.

DETAILED DESCRIPTION OF THE
INVENTION

Stresses 1n a thin film can have several components.
Intrinsic stresses develop as a thin film grows during depo-
sition owing to the specific microstructure formed therein.
Another significant source of stress 1s due to the differences
in the coeflicient of thermal expansion of the film and that
of the substrate or adjacent film layers causing the different
materials to experience different degrees-of expansion and
shrinkage upon, respectively, heating and cooling. Because
typical deposition temperatures are higher than ambient
temperatures, stress develops when the temperature changes
from the deposition temperature. Even when films are
deposited nominally at room temperature, some heating of
the substrate can occur during the deposition and conden-
sation process. Finally, temperature variations during use
may lead to changes 1n the stress level. The sign of the
thermally induced stress can change from tensile to
compressive, or vice versa, as it 1s a function of the differ-
ences 1n the thermal expansion coeflicients of the film and
substrate materials. Thus, many factors atfect the overall net

stress of an optical coating.

Multilayer thin film stacks comprising alternating layers
of high refractive index oxide material and low refractive
index oxide material are the preferred materials for optical
coatings or lilters. The deposition of materials to form dense
optical thin film layers, necessary for environmentally stable
optical filters, results 1n 1ntrinsic compressive stress. Exces-
sive stress 1n an optical coating can result in cracking or
delamination of the coating or optical distortions due to
bending or warping of the substrate. Thus, for particularly
thick optical coatings, 1.€., coatings greater than about 20
mm (20,000 nm), the compressive stress of the layers can be
excessive for the desired WDM applications.

Optical coatings having net tensile stress produce concave
net curvature of the substrate whereas coatings 1n compres-
sive stress produce convex net curvature. For this reason, net
f1lm stress 1n the filter may be approximated from measure-
ments of the net curvature of the coated substrate, 1.e., and
the difference 1n curvature from the bare substrate. For
example, one method for evaluating net curvature is to
measure the number of fringes at a selected wavelength with
an 1nterferometer and converting the information into a
stress value. Conventional knowledge maintains that optical
coatings comprising a substrate having multilayer optical
coatings comprising alternating layers of silica and high
refractive index metal oxide material deposited thercon will
generally have some net stress, either compressive or tensile
depending on preparation technique and the specific alter-
nating materials. While the net stress within a thin film
material 1s a function of deposition method, deposited meth-
ods such as sputtering or 10n assisted evaporative deposition
are preferred for narrow band pass filters as the resulting
coatings are dense and stable to changes 1n the ambient
conditions. However, such dense coatings having alternating
layers of silica and a high refractive index metal oxide have

typically had compressive stresses in excess of 100x10° Pa
(N/m?), or 100 MPa.

Prior to the instant invention filters having a physical
thickness greater than about 40 microns have been very
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difficult to employ as actual devices. In such designs, the
internal stress 1n the dielectric layers distorts the substrate to
an extent such that potential signal power 1s lost or
dissipated, as measured by increasing device msertion loss.
The high stress also makes further fabrication into smaller or
thinner filter components extremely difficult, as the stresses
can actually exceed the rupture strength of the substrate.

A further limitation occurs even after successful fabrica-
tion of the substrate and filter to final size; the stress
variation arising from the free edges of the small filters
extends across the entire surface of the device with the
resulting distortion unacceptably narrowing the transmitted
and reflected passband region.

This limitation 1s illustrated 1n FIGS. 1,2 and 3 by a very
hiech performance WDM filter donated as a “4-skip-0~
design. The design results in a wavelength range of high
transmission, a so-called “passband” where four (4) optical
signal channels separated 1n wavelength by 100 GHz are to
be transmitted. Outside of the passband region the next
immediately adjacent optical channel is reflected due to the
square edge and very steep slope of the transmission func-
tion between the adjacent 100 GHz. spaced channels, thus
none or “zero” (0) channels are skipped from transmission
or rejection by the filter.

FIG. 1 1s the transmission of the filter as a function of
wavelength measured after deposition onto the original
6-1nch diameter substrate, which 1s 10 mm thick. The actual
transmission 1s close to the theoretical performance derived
by calculation from the optical design parameters.

FIG. 2 1s the transmission of a 1.5-mm square filter
fabricated from the 6-inch diameter substrate where the
substrate thickness has been reduced from 10 mm to 1.4 mm.
The high net stress distorts the optical filter transmission
function from the ideal square shape at the edge of the
passband region, progressively rounding the edge as the
filter size 1s reduced. This 4-skip-Odesign 1s only marginally
acceptable 1n a 2-mm square {ilter, thus limiting its appli-
cations to relatively massive devices. While the shape of a
filter can theoretically can be arbitrarily refined with the
addition of more layers this 1s counterproductive as merely
adding additional layers further increases the stress thus
further confounding the problem.

We have discovered that thick multilayer dielectric optical
filters, particularly multi-cavity bandpass filters, can be
removed from the substrate 1n the form of a free standing
film and that the removal affects a significant reduction 1n
stress. Once removed from the substrate, the high intrinsic
internal stress of the filter 1s relieved. The detrimental effects
of a high net stress that previously limited the optical
performance of multilayer dielectric bandpass filters 1n
many critical applications no longer limits the filters optical
design or requires a compromise in device size.

FIG. 3 1s the transmission of filter in FIGS. 1 and 2, but
after fabricated by first removing the optical thin film layers
from the original substrate then reattaching it to another
glass substrate to 1.5 mm square by 1 mm thick. The nearly
square shape of the passband region has been partly restored,
to that in FIG. 1, thus better approximating the ideal or
theoretical shape than 1in FIG. 2.

Elimination of the original substrate aids in the miniatur-
ization of devices and can improve the device opftical
performance by eliminating the spatial variation in center
wavelength across the filter. Despite these and other advan-
tages of a free standing multilayer dielectric bandpass filter,
the high thermal variation of center wavelength makes such
a structure device generally unsuitable for high performance
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applications such as in telecom WDM systems. The varia-
tion of the optical performance with temperature i1s
significant, and would be unacceptable for WDM applica-
tions 1f the packaged optical components were not thermally
stabilized. Specifically such unsupported freestanding filters
exhibit a high variability 1n center wavelength as a function
of temperature, making it unsuitable for many telecommu-
nications applications.

Method of Forming a Free Standing Filter

The filter 1s fabricated by conventional methods using a
suitable substrate. However, before the deposition of the
multilayer bandpass filter, the substrate 1s treated to mini-
mize the adhesion between 1t and the thin film layers that
form the bandpass filter, thus permitting facile release of the
filter. The means for such release can be a thin film of some
material which will defoliate from either the substrate or thin
f1lm layers such that the entire bandpass filter delaminates at
a desired later point 1n the fabrication process. Alternatively,
the existing substrate can be damaged or attacked such that
it 1s rendered soluble or otherwise will have a low cohesive
strength with the underlying undamaged substrate.

As 1llustrated 1n FIG. 4, the present, release means 1s to
deposit a thin layer 42 of a water-soluble material, prefer-
ably an inorganic material. We now employ sodium chloride
(NaCl) as the release layer, although other suitable materials
are disclosed 1n the art. This release layer 42 1s deposited 1n
a vacuum chamber optimized for that operation. Because
water-soluble release materials are environmentally fragile
with respect to atmospheric humidity, the release layer 42 1s
preferably protected from the atmospheric environment by
depositing thin protective layers 43 over it. As this layer or
layers will separate for the release layer 42 and becomes part
or all of the first layer of the final multilayer dielectric
bandpass filter, 1ts thickness 1s controlled accordingly,
although 1t should be at least about 100 nm thick. The

sodium chloride layer thickness 1s preferably between about
10 to 20 nm.

The purpose of the protective layer(s) 43 is (are) to isolate
the potentially environmentally fragile release layer 42 from
atmospheric degradation while awaiting use in the filter
deposition system.

The substrate 41, prepared with the release layer structure
42, 1s then introduced 1nto a conventional deposition system
suitable for the production of dielectric multilayer filters of
the quality required for the intended application. The mul-
tilayer dielectric filter 1s deposited 1n the usual way, using

accepted Physical Vapor Deposition (PVD) or Chemical
Vapor Deposition (CVD) or hybrid PVD/CVD methods.

If desired, the coated substrate may be treated to facilitate
later processing of the released filter structure. Such pro-
cessing may include for example the patterning of the filter.
While not an essential element of the invention, this pat-
terning can aid 1n subsequent processing of the released filter
material by providing for identifying features or allowing
the filter material to come away from 1ts substrate in pieces
of a predetermined size and shaped pieces. Such pieces are
not only easier to handle, but can be designed for further
mounting or integration 1nto other optical components.

Another method of producing suitably dimensioned free
standing thin film filters 1s to pre-patterning the substrate
before deposition of the optical filter, effecting the same
result.

Although practically any material that interferes with the
adhesion of the substrate and the subsequently deposited
thin film will function 1n the manner of a release layer, a
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preferred release layer 1s readily activated by some specific
means to remove the multilayer dielectric bandpass filter
from 1ts temporary substrate in a controlled and predictable
fashion, removing the filter layers completely without intro-
ducing cracks, crazes or other defects.

Thus for NaCl a currently preferred release method 1s to
deeply scratch a region of the coating to form a small, deep
groove therein. This 1nitiates a delamination front at the
oroove that then propagates 1n the release layer to free the
filter from the substrate. Depending on the filter design and
degree of residual stress, this delamination front can
progress slowly over the surface, or it may proceed quite
suddenly.

The released bandpass filter now exists as pieces, large
enough to be handled by conventional means (such as
tweezers). The filter can be further cut to desired size and
shape. It can be washed in a suitable solvent (for the case of
NaCl, one can use de-ionized water) to remove any remain-
ing residue of the release layer.

Additionally, the filter may be annealed as approprate to
stabilize 1its optical performance, either before or after
release from the substrate.

Alternative release layers may be formed from water-
soluble materials, such as other salts, for example metal
halides salts (particularly silver chloride), water-soluble
polymers, and the like. Other means of release are organic
photoresist type materials (susceptible to either attack or
dissolution by organic solvents), and thin metal layers
(susceptible to either attack or dissolution by reaction with
acids, or even bases) and the like.

Method of Thermal Stabilization

We have also discovered means for improving the thermal
stability of such freestanding filter without reintroducing an
undesirable level of stress. A second substrate may be
selected to 1mpart the requisite thermal stability and/or
simplify further handling or assembly methods.

Thus 1 another embodiment of the invention the free-
standing filter 1s removed from the first substrate and
attached to a second substrate. The second substrate can be
selected from optical glasses having a relatively large coel-
ficient of thermal expansion, such as those previously
designed for direct deposition. Suitable substrates for reat-
tachment may be selected on the same basis as taught by
Takahashi, supra It should be noted that most thin film
materials have a coefficient of thermal expansion (CTE)
significantly less than the optimum substrate for thermal
stabilization. Silica glass can be considered representative of
a thin film material, having a CTE 4.5x107/° K, while
glasses developed for WDM filters have a CTE of between
about 50 and 115x1077/° K. In some cases silicon may
provide suflicient thermal stabilization, as it has a higher

CTE than silica glass 26x1077/° K.

Attachment to Optical Components

Once released from the substrate the unsupported film can
be reattached to a second substrate. The second substrate can
be another optical component to provide the desired inte-
gration by miniaturization as well as combination with other
passive or active optical components, such as GRIN lenses,
prisms, reflectors, detectors, photodiodes, waveguides,
lasers, modulators and the like. Alternatively, the attachment
of such free standing filters to at least a portion of precision
armature can be used to form reflective element in compact
optical switches, such as are disclosed 1n PCT application
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WO0/0039626 entitled “Wavelength Selective Optical
Switch” (Scobey et al.), which is incorporated herein by
reference.

Potential methods of reattachment include mechanical
coupling as well as adhesive bonding, which can be direct
depending on the chemical atfinity of the materials; or
through an intermediate adhesive layer, such as well known
optical adhesives. Those skilled i the art of optical fabri-
cation will recognize a myriad number of attachment meth-
ods are feasible. Optical contacting methods, such as those
described 1n U.S. Pat. No. 5,846,638 and 5,441,803 to
Meissner or 1n U.S. Pat. No. 5,485,540 to Eda are particu-
larly desirable as they avoid the use of an intermediate
adhesive layer, and as such are incorporated herein by
reference.

Attachment to a Supporting Frame Member

We discovered that the free standing film need be not
completely re-attached to another optical substrate to reduce
or eliminate the thermal shift of the center wavelength
position. As schematically illustrated in FIG. 6 the free
standing filter 64 can be thermal stabilized by forming a
subassembly 61 wherein filter 64 is attached to a frame
member 63 having at least one planar surface at the periph-
ery of the filter such that an unsupported portion of the filter
spans the opening 1n the frame to form an optical aperture.
As the diameter of the frame opening will expand with
heating, this geometry provides the same benelits as a high
thermal expansion glass bonded to the entire surface of the

filter.

FIG. 5 1s a plot of the center wavelength position of the
bandpass versus temperature comparing an un-bonded free
standing {filter with freestanding filter that 1s bonded to an
annular frame at 1ts outer periphery. The un-bonded multi-
layer dielectric bandpass filter has center wavelength shift of
oreater than 9 pm/® C. while the peripherally bonded filter
center wavelength shifts less than 0.5 pm/® C.

One method of forming subassembly 61 1s to remove a
suitably dimensioned bandpass filter from 1its substrate to
relieve the net residual stress. The filter 64 1s then attached
to frame 63 or washer using a suitable high strength adhesive
62, such as an epoxy. As only the outer periphery of the filter
1s attached to the frame 63 or annular ring, 1t 1s preferable to
apply the adhesive material to only the planar surface of the
frame, thus avoiding contamination of the center of the filter
clement which remains freestanding. Alternatively, coatings
of solder, other bonding agents or adhesive material may be
deposited on the planar surface of the frame, or even formed
on the surface of the filter 64 1n a pattern corresponding to
the shape of the frame member. Other methods of attach-
ment include wafer bonding, optical contacting, mechanical
coupling and the like. Mechanical coupling may be accom-
plished by either fitting filter 1into a sized depression on the
frame or connecting a third member for connecting the filter
with the frame by compression or friction. The frame need
not be an 1solated component but may be formed 1n another
portion of an optical component to accomplish further
device miniaturization.

The frame 1s preferably an annular ring, such as a washer,
having a suitable thermal expansion coefficient to stabilize
the center wavelength of the filter over a wide temperature
range. At the same time, the passband retains the desired
square shape due to the elimination of residual stress in the
coating and the resulting distortion of the first substrate.

The annular ring of the appropriate size for the intended
application 1s selected. The ring 1s composed of a material
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with required environmental stability and with a coetficient
of thermal expansion, & chosen such that the finished
composite device has the required balance between the
filter’s own intrinsic d (CWL)/d T and the externally
imposed stretching provided by the ring’s larger value of .
While ceramics and optical glasses can be used, a preferred
type of frame for such a freestanding {filter 1s a metallic
annular ring, such as an ordinary washer. The large differ-
ential thermal expansion of the metal ring, relative to the
metal oxides 1n the thin film layers, stretches the filter to
balance the mtrinsic CWL shift of the filter. Stainless steel
1s a particularly preferred material, as the grade may be
selected for 1ts CTE, which span and exceed the range of the
preferred optical glasses for WDM. For example grade SS
410 has a CTE of 103x10~" while grade SS 302 has a CTE
of 179x10~7/° K.

Alternatively, before releasing the filter from 1ts tempo-
rary substrate, the appropriately chosen frame may be
athixed without permanently bonding to the surface of the
coating. For example, such frames may be coated with a
thermoplastic or thermoset resin, such as a moderately
viscous epoxy. At this point, the release layer i1s activated,
freeing the filter from 1ts substrate and confining a selected
region thereof to the associated frame element. Each filter
can then be permanently bonded to the frame by subse-
quently curing the adhesive. This method 1s preferred for its
compatibility with high volume production as an assembly
of frames detachable from each other in the form of a
co-planar array can be simultaneously bonded to remove
discretely sized filters. Each discrete free standing film is
only temporarily retained in 1ts 1nitial stress state by the
viscous force of epoxy, as heating the epoxy to the cure
temperature reduces the adhesive viscosity such that the net
stress resulting from the substrate 1s still relieved prior to the
permanent attachment necessary for filter stabilization.

Such a frame assembly provides a degree of manufactur-
ing case for further handling and quality assurance steps
since one does not have to individually handle the still
delicate free standing filter elements. For example, subse-
quent disassembly of co-planar array produces a large num-
ber of discrete filter/frame subassembly, and can be carried
out sequentially wherein a discrete filter/frame subassembly
1s removed at the time 1s incorporated into a larger optical
component.

As FIG. 6 1s intended to be representative rather than
limiting, 1t should be pomted out that a symmetric thermal
stress loaded structure may be desirable 1n some application,
accordingly a second frame member can be attached or
bonded to other opposite surface of the filter to form the
laminated structure 1llustrated 1n FIG. 7. The optical assem-
bly 71 comprises a first frame 72 that 1s bonded or otherwise
attached to the first surface of optical filter 74 via adhesive
layer 73a. A second frame 75 1s attached to the second
surface of optical filter 74 via a second adhesive layer 73b.
Alternatively, the second frame 75 can be attached or
bonded to both the optical filter 74 and the first frame 72.
Attaching or joming the first frame 72 to the second frame
75 can be expected to clamp and functionally attach optical
74, eliminating the dependence on adhesives 736a and/or

73b.

FIG. 8 1s a perspective view of freestanding multilayer
dielectric filter that 1s bonded to an annular frame at 1ts outer
periphery.

A further advantage of frame/filter subassembly of FIGS.

6 and 7 and 1s that the elimination of the substrate also
avolds Fresnel reflections from the second surface of the
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substrate (the surface opposite the first surface onto which
the multilayer interference filter 1s otherwise deposited or
attached). Thus, when the interference coating is not other-
wise 1n contact with another optical surface, the additional
cost and complexity of providing a high performance anti-

reflection (AR) to the second surface of the substrate is
avoided.

Although the present mvention has been described 1n
considerable detaill with reference to certain preferred
embodiments (versions) thereof, other versions are possible,
for example 1t may be desirable to stabilize other spectral
characteristics of optical filters, as no limitation to band pass
filters 1s intended Therefore, the spirit and scope of the
appended claims should not be limited to the description of
the preferred versions contained herein.

We claim:

1. An optical filter assembly comprising;:

a) a first frame member having a first planar surface that
substantially surrounds a central opening therein, the
first frame member having a first coeflicient of thermal
expansion, and

b) a multilayer thin-film interference filter, originally
formed on a substrate and released therefrom forming
a freestanding filter to eliminate stresses therebetween,
having a first surface for passing light therethrough
attached to the planar surface of said first frame mem-
ber to define an unobstructed optical aperture through
said multilayer interference filter, the multilayer inter-
ference filter having a second coetficient of thermal
expansion smaller than the first coefficient of thermal
expansion,
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whereby the frame member applies a stress to the multi-
layer interference filter during changes 1n temperature,
thereby reducing a shift in the center wavelength trans-
mitted by the multilayer interference filter.

2. An optical filter assembly according to claim 1, further
comprising a second frame member with a central opening
therethrough attached to a second surface of said multilayer
interference filter, wherein the optical aperture through said
multilayer interference filter 1s substantially unobstructed.

3. An opftical filter assembly according to claim 2, wherein
the second frame member and the first frame member are
annular.

4. An optical filter assembly according to claim 2, wherein
the first and second frame members are comprised of
stainless steel material.

5. An optical filter assembly according to claim 2 wherein
the first and second frame members are formed from a
material having a coeflicient of thermal expansion of
between 103x10~7/° K. and 179x107/° K.

6. An optical filter assembly according to claim 1, wherein
the first frame member 1s annular.

7. An optical filter assembly according to claim 1, wherein
the first frame member 1s comprised of metal.

8. An optical filter assembly according to claim 1, wherein
the first frame member 1s comprised of stainless steel.

9. An optical filter assembly according to claim wherein
the first frame member 1s formed from a material having a
coefficient of thermal expansion of between 103x107/° K.

and 179x107/° K.
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